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Current models of antineutrino production in nuclear reactors predict detection rates and spec-
tra at odds with the existing body of direct reactor antineutrino measurements. High-resolution
antineutrino detectors operated close to compact research reactor cores can produce new precision
measurements useful in testing explanations for these observed discrepancies involving underlying
nuclear or new physics. Absolute measurement of the 235U-produced antineutrino spectrum can
provide additional constraints for evaluating the accuracy of current and future reactor models,
while relative measurements of spectral distortion between differing baselines can be used to search
for oscillations arising from the existence of eV-scale sterile neutrinos. Such a measurement can
be performed in the United States at several highly-enriched uranium fueled research reactors us-
ing near-surface segmented liquid scintillator detectors. We describe here the conceptual design
and physics potential of the PROSPECT experiment, a U.S.-based, multi-phase experiment with
reactor-detector baselines of 7-20 meters capable of addressing these and other physics and detector
development goals. Current R&D status and future plans for PROSPECT detector deployment and
data-taking at the High Flux Isotope Reactor at Oak Ridge National Laboratory will be discussed.
PACS numbers: 14.60.Lm, 14.60.Pq, 14.60.St, 28.50.Dr, 29.40.Mc
I. INTRODUCTION
Reactor antineutrino experiments have played an im-
portant role throughout the history of neutrino physics
and led to many of the key discoveries in the field. The
existence of the neutrino was first experimentally es-
tablished by observing reactor antineutrinos at Savan-
nah River [1]. More recently, the KamLAND, Daya
Bay, RENO, and Double Chooz experiments have ob-
served disappearance of reactor antineutrinos and pro-
vided measurements of the oscillation parameters θ12,
θ13, ∆m
2
21 and ∆m
2
31 [2–6]. Together with atmospheric,
solar and accelerator experiments, these reactor measure-
ments provide a coherent picture of neutrino propagation
and mixing between the three Standard Model neutrino
flavors. A similarly coherent picture of antineutrino pro-
duction in reactors requires precision measurements of
the reactor antineutrino energy spectrum. By making a
high-resolution spectrum measurement at short distances
from a compact research reactor core, the PROSPECT
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ment can provide new inputs valuable to clarifying pro-
duction models while also addressing unresolved non-
standard neutrino mixing hypotheses.
Anomalous results from recent measurements and the-
oretical calculations do not fit the existing framework of
production and oscillation of reactor antineutrinos. Im-
proved reactor antineutrino flux predictions [7, 8] have
resulted in an increase in the predicted interaction rate
of ∼ 3.5% with respect to previous calculations [9–11].
When combined with experimental data at baselines be-
tween 10-100 m these recent calculations suggest a ∼5.6%
difference between the measured and predicted reactor
antineutrino flux [12–14]. Furthermore, new measure-
ments of the absolute reactor antineutrino spectrum from
reactor θ13 experiments collectively indicate discrepan-
cies with respect to both the historical and improved re-
actor flux and spectrum predictions, particularly at an-
tineutrino energies of 5-7 MeV [14–16]. These flux and
spectrum anomalies can be interpreted as either a sign
of new neutrino physics or as-yet-undetermined imper-
fections in predictions of reactor antineutrino emissions.
If existing reactor flux predictions do not properly
take into account the underlying nuclear physics and
all relevant systematic uncertainties, confidence levels of
reactor-related anomalies may be over-stated. In this
case, new neutrino physics need not be introduced to ex-
plain all existing reactor data. One such effect is the han-
dling of beta branch forbiddenness in beta spectrum con-
versions: by varying shape factors of utilized virtual beta
branches, interaction rate variations of 5% can be pro-
duced along with significant spectral deformations [17].
The accuracy of existing beta spectrum measurements
has also been questioned [18]: if reactor beta and νe spec-
tra are calculated exclusively using existing nuclear data,
the result appears to not match existing beta spectrum
measurements, but does reproduce the spectral shape of
recent νe measurements. Additional measurements of
fine structure in the νe spectrum and of spectra from
different combinations of fission isotopes are necessary
to test these hypotheses and provide constraints on fu-
ture calculations. This motivates high-resolution mea-
surement of the absolute νe spectrum with both highly-
enriched (HEU) and conventional low-enriched (LEU) re-
actor fuel.
Elucidation of the true reactor antineutrino flux and
spectrum is also valuable in other oscillation physics and
nuclear applications contexts. While new relative mea-
surements of θ13 and ∆m
2
31 are unlikely to be significantly
biased by imperfect flux predictions, confidence in oscil-
lation results from absolute measurements, such as those
proposed at future reactor mass hierarchy experiments,
could be improved with higher confidence in reactor flux
prediction. In nuclear safeguards applications, to reliably
determine a core’s plutonium content in real time for non-
proliferation purposes, as illustrated in [19, 20], standard
measurements of Pu-free (HEU) and Pu-rich (LEU) cores
are significantly more useful than inaccurate reactor flux
models of HEU and LEU cores. In the nuclear applica-
tions community, measurement of the individual contrib-
utors to the reactor νe flux in the 5-7 MeV region may
provide valuable cross-checks to gamma spectroscopy in
determining the properties of major beta decay branches
in newly discharged nuclear fuel [21]. These broader im-
plications further motivate the need for HEU and LEU
absolute spectrum measurements with high energy reso-
lution detectors.
By making νe energy spectrum measurements at a va-
riety of short reactor-detector baselines, a detector mea-
suring the absolute reactor flux and spectrum can si-
multaneously perform sensitive searches for new neutrino
physics suggested by the reactor flux anomaly. In partic-
ular, it has been suggested that the reactor flux deficit
may be the signature of additional sterile neutrino states
with mass splittings of the order of ∼ 1 eV2 [22, 23]. Ad-
ditional sterile neutrino mass states with ∆m2 ∼ 1 eV2
beyond the 3 active neutrinos would yield an oscillation
effect for reactor νe traveling over meter-long baselines.
This hypothesis can also explain other anomalous neu-
trino measurements, such as event excesses in νe and νe
appearance channels [24, 25] and rate deficits observed
in solar neutrino detector calibrations with high-intensity
νe sources [23]. However, a variety of results from νµ
disappearance measurements show no evidence for non-
standard behavior in a similar region of oscillation phase
space [26]. Furthermore, the presence of sterile-mediated
oscillations is unlikely to resolve the discrepancy between
measured and predicted reactor spectra, which does not
exhibit the requisite L/E behavior [27].
A relative measurement of L/E oscillations at short re-
actor baselines can be used to perform a definitive search
for oscillations in the parameter space suggested by
global fits to existing anomalies [22]. Existing km-scale
reactor experiments, while highly precise, cannot defini-
tively probe oscillation lengths of this order [3, 5, 28]:
at these baselines any oscillation effect due to potential
sterile states is averaged by finite detector resolution to
yield an effective rate deficit. Instead, a new experiment
at very short baselines in a controlled research environ-
ment is needed to fully disentangle reactor flux and spec-
trum uncertainties from possible sterile neutrino oscilla-
tions and other effects. However, at these short base-
lines, a detector’s position resolution, energy resolution,
and the finite dimensions of the reactor core become im-
portant. This motivates the use of segmented detectors
in close proximity to reactors with compact cores of less
than O(1 m) dimensions [29, 30]. In the United States,
these central experimental criteria can be met at several
HEU research reactor facilities. These facilities possess
other advantageous features for an oscillation measure-
ment that will be discussed further in Section II.
The experimental challenges involved in making a pre-
cise spectral measurement at short distances from a re-
actor appear tractable based on the recent experience
of other reactor experiments and R&D efforts. The
precise relative energy calibration and control of detec-
3tor response systematics necessary for a relative oscilla-
tion measurement at multiple baselines have been well-
demonstrated in recent successful multi-detector νe ex-
periments [4, 5, 31]. The ability to reduce and reject
inverse beta decay backgrounds in the absence of sig-
nificant overburden is extremely challenging, but efforts
incorporating particle identification techniques and opti-
mized shielding designs suggest a path forward [32–37].
Careful detector and shielding designs will be required to
address these challenges, and can be validated by focused
demonstrations at host reactor sites.
The National Institute of Standards and Technology
(NIST) [38], Oak Ridge National Laboratory (ORNL)
[39], and Idaho National Laboratory (INL) [40] oper-
ate powerful, highly compact research reactors and have
identified potential sites for the deployment of compact
νe detectors at distances between 4-20 m from the re-
actor cores. By deploying segmented liquid scintillator
antineutrino detectors at any of these three US-based re-
actor sites, the PROSPECT experiment offers a unique
opportunity to provide the first-ever high-resolution mea-
surement of the HEU νe spectrum while searching for νe
oscillations at very short baselines. The PROSPECT ab-
solute spectrum measurement will be complimentary to
new spectral measurements by θ13 experiments in pro-
viding new inputs for reactor flux modeling valuable the
oscillation and applications communities. In addition, a
high confidence-level discovery of sterile neutrinos is pos-
sible with 1 (3) years of data taking. The PROSPECT
collaboration has begun deployment of a series of proto-
type detectors at the High Flux Isotope Reactor (HFIR)
at ORNL. These will provide verification of supporting
detection techniques and simulations in preparation for
installation of one or two multi-ton-scale optically seg-
mented Li-loaded liquid scintillator detectors capable of
discriminating nuclear from electromagnetic interactions
based on scintillation time profiles.
This note describes the PROSPECT experiment and
its potential to produce a highly precise measurement of
the νe spectrum, definitely resolve one of the outstanding
anomalies in neutrino physics, and further develop the
application of advanced scintillators and near-surface de-
tectors to reactor monitoring and safeguards. Section II
will describe the advantageous features of research reac-
tors as sites for precision oscillation experiments. Section
III will outline the experimental strategy and physics po-
tential of the PROSPECT experiment. Sections IV, V,
and VI will present in more detail the potential reac-
tor sites, proposed detector designs, and expected back-
grounds, respectively. Finally, Section VII will provide
an overview of current R&D activities.
II. RESEARCH REACTORS AS
LABORATORIES FOR PRECISION STUDIES
The large antineutrino flux produced by nuclear power
reactors has led to such sites being a preferred venue
for reactor neutrino studies over the past two decades.
However, research reactors operated by scientific orga-
nizations and national laboratories possess many advan-
tages for precision neutrino physics studies, especially at
short baselines. While research reactors operate at lower
powers than commercial plants, it is often possible to
gain access to locations closer to the reactor core, par-
tially compensating the reduction in flux. In addition,
the compact core geometry, core composition, and oper-
ations of research reactors offer unique advantages for a
reactor experiment at very short baselines.
The primary feature of research reactors relevant to
precision studies of short-baseline oscillations with a
length scale of O(m) is the core geometry and compo-
sition. While research reactor core geometries can vary
considerably depending upon their intended application,
their spatial extent is of the order of 1 m, less than that of
all existing power reactors, and less than that of the sug-
gested sterile-mediated neutrino oscillation wavelength.
Additionally, many research reactors use fuel that is com-
prised primarily of Highly Enriched Uranium (HEU). Un-
like the Low Enriched Uranium (LEU) or Mixed Oxide
(MOX) fuel used at power reactors, there is insufficient
238U present in research reactor fuel to breed substantial
amounts of Pu, in particular 239Pu. Accordingly, essen-
tially all antineutrinos emitted by HEU fueled research
reactors derive from 235U daughters, and the core fission
fractions are constant throughout a reactor operational
cycle. This is in contrast to the behavior of power re-
actors, where Pu breeding results in time-varying power
contributions from 235U, 239Pu, and 241Pu, and therefore
time variation in the emitted antineutrino flux and spec-
trum. The near static character of research reactor an-
tineutrino emissions is advantageous for precision studies
since it substantially reduces the importance of compli-
cated reactor evolution codes to predict fission fractions
throughout the reactor cycle.
Unlike power reactors, research reactors operate fre-
quent short cycles. The resulting reactor off periods pro-
vide important opportunities for background character-
ization. Since research reactor duty cycles are typically
no greater than 70%, there is a substantial period of re-
actor outage time during which to obtain direct measure-
ment of background at such facilities. During reactor-off
periods, it may also be possible to observe antineutrinos
emitted by long lived isotopes from the research reactors’
spent nuclear fuel.
Research reactors typically maintain detailed neu-
tronic core models that are used to predict neutron fluxes
and power densities cycle-by-cycle. This is often impor-
tant as irradiation experiments that are exchanged be-
tween cycles can have a large local effect on these pa-
rameters. These models and their outputs are typically
available to all users of the facility. This is potentially
important for a short-baseline reactor experiment, as the
core power, and hence baseline, distribution may vary
slightly cycle to cycle. The ease with which this im-
portant information can be accessed is in contrast to the
4FIG. 1: An example rendering of the PROSPECT experimental deployment at the HFIR reactor site. The Phase I detector is
moveable, and can be placed at a closest distance of ∼7 m to the reactor core center, while the larger Phase II detector can be
placed at closest distance of ∼15 m to the core center.
situation at commercial plants where the core models are
typically proprietary, and special arrangements must be
made with the plant operator and/or fuel vendor.
III. EXPERIMENTAL STRATEGY AND
PHYSICS REACH
The PROSPECT experiment will utilize the Inverse
Beta Decay (IBD) reaction νe+p→ e++n with a thresh-
old of 1.8 MeV to measure the flux and energy spectrum
of reactor νe. Interactions will take place in and around
the experiment’s proton-rich liquid scintillator target,
producing a pair of triggers correlated in space and time.
Prompt signal triggers produced by the kinetic energy de-
position and annihilation of an IBD positron will mirror
the energy spectrum of the incident reactor antineutrinos
from ∼1-8 MeV and display a scintillation time profile
characteristic of an electromagnetic interaction. Delayed
triggers produced by IBD neutron capture on lithium
and subsequent decay to a high-energy 4He and 3H will
exhibit a highly spatially-localized and quenched energy
deposition of approximately 0.5 MeVee with a scintilla-
tion time profile characteristic of a nuclear interaction.
By selecting only spatially and time-coincident triggers
with the appropriate prompt and delayed energy, timing,
and spatial profiles, the PROSPECT detector will select
antineutrino interaction candidates with high detection
efficiency and good energy resolution. Further rejection
of cosmic backgrounds can be achieved if necessary by in-
corporating an external muon veto system or by utilizing
fiducialization of the target volume.
The full PROSPECT experiment consists of an
O(1 m3)-sized near detector target at distances of ∼7 m
to ∼10.5 m and an O(10 m3)-sized far detector target at
distances of 15-20 m. These detectors will consist of op-
tically separated functionally identical sub-volumes that
provide precise, reliable position and energy resolution,
consistent spectral response, and uniform background re-
jection capabilities. Preliminary detector and reactor pa-
rameters are listed in Table I. A rendering of how the
experiment can be configured at the HFIR reactor site is
shown in Fig. 1. The technical design proposed to meet
these physics requirements is described in further detail
in Section VI. The PROSPECT experiment’s experimen-
tal arrangement provides excellent sensitivity to neutrino
oscillations over a broad range of mass splittings, and can
provide precision absolute spectral measurements of an
HEU reactor core.
The two-detector arrangement of the proposed exper-
iment allows staging in two phases. Phase I consists of
measurement with the near detector for one to three cal-
endar years, and, as described below, provides a high-
statistics absolute spectral measurement with better than
3σ sensitivity to a broad range of oscillation parameters.
The Phase I detector will be moveable to allow for de-
ployment at a ’front’ location described in Table I, as well
as a ’back’ location at a horizontal reactor-detector base-
line increased by 1.5 m, giving a total Phase I baseline
coverage of ∼7-11 m. This ability increases the oscilla-
tion sensitivity of the Phase I detector, and will allow
for valuable cross-checks on any positive oscillation sig-
nal. Furthermore, a moveable detector can be used to
map out spatial variations in detector backgrounds dur-
5Parameter Value
Reactor
Power 85 MW
Shape cylindrical
Radius 0.2 m
Height 0.3 m
Fuel HEU
Duty cycle 41% reactor-on
Detector
Cross-section (near) 1.0 m×1.5 m
Cross-section (far) 1.0 m×3.0 m
Baseline coverage (near) 2.1 m
Baseline coverage (far) 4.2 m
Efficiency 30%
Proton density 5.5×1028 p
m3
Position resolution 15 cm
Energy resolution 4.5%/
√
E
Background
S:B ratio 1
Background shape 1/E2 + Flat
Other
Run Time 1 or 3 calendar years
Closest distance (near) ∼7 m
Closest distance (far) ∼15 m
TABLE I: Nominal detector and reactor parameters for the
proposed Phase I experiment, in the case of deployment at
HFIR. The Phase II parameters are identical with the excep-
tion of the far detector placement and size.
ing reactor-off periods.
Phase II consists of a three year run of both detectors,
which provides a significantly increased statistical sam-
ple for an absolute spectral measurement while extending
the region of sensitivity and providing a conclusive test
of most of the suggested oscillation parameter space. By
utilizing a phased approach, PROSPECT will be able
to build on the experience and knowledge gained during
deployment and data-taking with the PROSPECT pro-
totype and Phase I detectors and optimize the Phase II
detector for the signature or parameter space of interest.
A. Measurement of the Reactor Antineutrino
Spectrum
PROSPECT intends to measure the energy spectrum
of νe emitted by a highly-enriched uranium (HEU) nu-
clear reactor to a precision exceeding that provided by
current best predictions. Three specific features of this
measurement serve to strongly constrain reactor models:
the general HEU spectral shape, high-resolution spec-
tral features, and the deviation from recent LEU spectral
measurements.
General HEU Spectrum: A precise measurement
of the antineutrino energy spectrum from an HEU reac-
tor can strongly discriminate between existing reactor νe
flux models. Fig. 2 shows the differences between three
current models: two based on the β−-conversion method,
and one based on ab-initio calculation. To highlight the
shape differences between models, they are shown in ra-
tio to a smooth approximation from [11]. The expected
PROSPECT Phase I and II statistical precision is in-
cluded for reference, along with spectral systematic un-
certainty bands reported by Daya Bay [14]. PROSPECT
be able to easily discriminate between these models, as
well as determine the spectrum more precisely than any
of the predictions. As demonstrated in Figure 2, in or-
der to make this precision measurement, it is critical to
control systematic uncertainties from backgrounds and
detector response. Simulation studies and background
surveys are currently underway to determine the spec-
trum uncertainty contribution from these sources for
PROSPECT.
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FIG. 2: Upper: Three models of the energy spectrum of
νe emitted by fission daughters of
235U. To highlight the
shape differences between models, they are shown in ratio
to a smooth approximation of the spectrum, F (Eν). The
1σ statistical precision of the fiducialized Phase I (top) and
fiducialized Phase II (bottom) measurement (black bars) is in-
cluded for comparison, along with reported 1σ systematic un-
certainties from [14]. Total combined unceratinty is indicated
by the gray band. Lower: Including a nominal 4.5%/
√
E
detector resolution reduces much of the detailed bin-to-bin
fluctuations predicted by the nuclear calculation.
High-Resolution Spectral Features: Ab-initio nu-
clear calculations predict significant discontinuities in the
νe energy spectrum, as shown in the upper panel of
Fig. 2. Each discontinuity is caused by the Coulomb cor-
rection to a single beta decay occurring in the reactor.
A high-resolution measurement of the energy spectrum
could in principle reveal most of the significant decays
contributing to the energy spectrum. Such reactor spec-
troscopy would provide a new regime for evaluating reac-
tor νe flux models. Considering a nominal 4.5%/
√
E de-
tector resolution for the Phase-I measurement, the most
prominent bin-to-bin fluctuations should still be identifi-
able. Optimizing detector resolution and control of back-
6grounds with discontinuous energy spectra are critical to
this measurement. Studies are currently underway to de-
termine the precision of spectroscopic measurements for
a variety of fission isotopes and detector resolutions. A
Phase-II measurement would allow for a higher-statistics
sample to further probe any observed structure measured
during Phase I.
Deviation from LEU Measurements: Models pre-
dict a ∼10% difference in the flux and spectra between
LEU and HEU reactor νe emission. These differences are
primarily attributable to fission of 239Pu. Measurement
of the energy spectrum from fission of 235U at an HEU
reactor can be combined with existing spectral measure-
ments at LEU reactors to extract the non-235U contri-
bution to the spectrum. Since both measurements are
expected to have ∼1% precision, the differences should
be prominent and provide another route to evaluate and
refine reactor models.
B. Sensitivity to Short-Baseline Oscillation
By comparing detected IBD positron spectra at dif-
fering reactor-detector baselines, short-baseline reactor
experiments can have significant sensitivity to neutrino
oscillations. This can be experimentally accomplished
by comparing spectra from different portions of a single
detector with sufficiently precise position resolution and
uniform response or by comparing spectra between sep-
arate detector deployments at differing baselines. Phase
I of the PROSPECT experiment will use the former
method with a single radially-extended detector to pro-
vide sensitivity to mass splittings of order 1-10 eV2 and
address the current best-fit sterile oscillation parame-
ter space at high confidence level. Phase II of the
PROSPECT experiment will use both methods with two
detectors to allow precise oscillation measurements below
1 eV2 and the ability to observe multiple L/E oscillation
periods.
The PROSPECT experiment’s sensitivity to neutrino
oscillations is evaluated by comparing the detected in-
verse beta decay prompt events Tij in energy bin i and
position bin j to the expected events Mij in the absence
of neutrino oscillations and in the presence of a back-
ground Bij . For the purposes of these calculations, Tij
is taken as Bij plus an oscillated version of Mij . A χ
2 is
used to test the hypothesis of no-oscillation and for oscil-
lation parameter estimation in the case of either one or
two additional sterile neutrino states, identically to that
presented in Ref [29, 30]:
χ2 =
∑
i,j
[
Mij − (α+ αie + αjr)Tij − (1 + αb)Bij
]2
Tij +Bij + σ2b2b(Tij +Bij)
2
+
α2
σ2
+
∑
j
(
αjr
σr
)2
+
∑
i
(
αie
σie
)2
+
α2b
σ2b
. (1)
The χ2 sum is minimized with respect to the rel-
evant oscillation parameters and to the nuisance pa-
rameters {α, αjr, αie, αb} characterizing the systematic
uncertainties of the measurement, as described in [41].
These nuisance parameters represent the overall nor-
malization, uncorrelated position normalization, uncor-
related energy spectrum, and background systematics.
Associated bounding uncertainties of these systematics
are {σ, σr, σe, σb} = {100%, 1.0%, 10%, 100%}. Re-
actor flux shape and normalization uncertainties are in-
flated to ensure that sterile sensitivity arises purely from
relative oscillometric effects, and is not improved by as-
sumptions about the absolute reactor flux or spectrum.
An additional uncertainty σb2b of 0.5% is added to the
χ2 to account for possible background and detector re-
sponse uncertainties uncorrelated in both position and
energy, which are currently under detailed investigation
by the collaboration.
The 3+1 neutrino model with one additional sterile
neutrino state and a mass splitting of ∼1 eV2 mass is
frequently used in the literature to benchmark the sen-
sitivity of new experiments to short-baseline oscillations
[22]. In keeping with this convention, we present the
PROSPECT experiment’s sensitivity to 3+1 neutrino os-
cillations for one and two detectors. The short-baseline
νe survival probability associated with this oscillation is
described by
Pee = 1− 4|Ue4|2(1− |Ue4|2) sin2 ∆m2L4E
= 1− sin2 2θee sin2 ∆m2L4E , (2)
with the oscillation amplitude sin2 2θee = sin
2 2θ14 =
4|Ue4|2(1− |Ue4|2).
Fig. 3 shows oscillated L/E distributions assuming the
existence of one sterile neutrino state for Phase I and
Phase II of the experiment at two values of ∆m2. The
measured L/E distributions include smearing from finite
core size and from the detector position and energy res-
olutions shown in Table I. One can see that with a single
detector running for one calendar year, the characteristic
L/E behavior in the vicinity of the current sterile best-fit
region can be clearly mapped out in a manner compara-
ble to previous reactor measurements of θ13 and θ12 [2, 4].
As a second detector is added in Phase II, the range of
L/E coverage increases from 2 m/MeV to greater than
6 m/MeV, allowing for probing of a of wider frequency
range and observation of multiple oscillation periods at
higher ∆m2.
By performing the χ2 fit described above, Phase I and
Phase II confidence-level (CL) contours for observation
of sterile neutrino oscillations have been obtained, and
are displayed in Figure 4. A single calendar year of data
with one detector will yield a 3σ test of the best-fit pa-
rameter space region favored in global 3+1 fits to all νe
and νe data [26]. High-CL exploration of portions of the
suggested parameter space should be possible with less
than a year of data. If a single detector is deployed for
three years, a majority of the suggested parameter space
above 1 eV2 can be addressed at high confidence level. It
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FIG. 3: Oscillated L/E distributions for 3+1 neutrino
mixing assuming the 3+1 best-fit oscillation parameters
(sin22θ13,∆m
2) = (0.09, 1.78 eV2) from [26] (top), and for
mixing at lower frequency, (sin22θ13,∆m
2) = (0.09, 1.78
eV2) (bottom). Error bars are shown with 1 year of data
from PROSPECT Phase I and 3 years of data from the full
Phase II. The default experimental parameters described in
Table I are used. In the Phase II case, the far detector ac-
tive target mass is 4× that of the near detector. Error bars
display statistical uncertainties only.
should be stressed again that the displayed contours are
totally independent of any absolute reactor flux or spec-
trum information, and arise from purely relative compar-
isons between differing locations within a single detector.
Improved reactor constraints would significantly improve
these contours at all ∆m2 values.
The resultant increase in the sensitive range of ∆m2
and θ14 going from Phase I to Phase II is illustrated in
Fig. 4. At low ∆m2 values, sensitivity is improved as long
oscillation wavelengths are resolved within the experi-
ment’s wider L/E coverage. Sensitivity is also improved
at intermediate and higher values of ∆m2 as additional
L/E coverage allows the detection of multiple neutrino
oscillation periods.
In both Phase I or Phase II, sub-dominant features
in the sinusoidal L/E oscillation pattern will result from
the existence of multiple eV-scale neutrinos or other non-
standard neutrino interactions. A detailed demonstra-
tion of the ability to probe 3+2 sterile neutrino oscil-
lations, and to distinguish 3+1 and 3+2 mixing with
Phase I and Phase II is presented in [30].
While not presented here, 3+1 sensitivity has also been
investigated for the INL and NIST reactor sites. As will
be discussed in Sec. IV, different near and far detector
baselines and sizes are feasible at each site. In addi-
tion, reactor powers and duty factors vary between sites.
Taking into account these site-to-site variations while as-
suming similar background conditions, it is found that
roughly comparable oscillation sensitivities are achiev-
able for Phase I and Phase II at all reactor sites.
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FIG. 4: Total sensitivity to 3+1 oscillations for Phase I (near
detector only, 1 and 3 years data taking) and Phase II (near
and far detectors, 3 years data taking). Excellent coverage
of the phase space suggested by fits to anomalous νe and νe
disappearance results and the “reactor anomaly” in [26] is
achieved. The current 3+1 best-fit (star) is addressed at high
confidence level with a single year of Phase I running.
C. Direct Measurement of Antineutrinos from
Spent Fuel
During a small but significant percentage of time, the
various research reactors are shut down for refueling and
maintenance. During this time, while fission has largely
ceased, beta decay of fission products continues in the
spent fuel in the reactor, leading to production of “spent
fuel” antineutrinos. A full three-year data set for either
experimental phase will contain a sizable number of such
events. The measurement of the spectra and rate of these
neutrinos as a function of time can provide constraints
on models describing antineutrino production in reac-
tors, and would provide the first positive measurement
of remote spent fuel detection for non-proliferation pur-
poses [19]. At some of the candidate sites, antineutrinos
created in spent fuel repositories adjacent to the main
reactor core may also be statistically accessible. While
spent nuclear fuel antineutrino statistics will be sizable
for these reactor-off periods, excellent background reduc-
tion and characterization will be the key to making a
statistically significant measurement with PROSPECT.
IV. RESEARCH REACTOR SITES IN THE U.S.
The Idaho National Laboratory (INL), Oak Ridge
National Laboratory (ORNL), and National Institute
8Site Power (MWth) Duty cycle Near detector Far detector
Baseline (m) Avg. flux Baseline (m) Avg. flux
NIST 20 68% 3.9 1.0 15.5 1.0
HFIR 85 41% 6.7, 8.0 0.96, 0.68 18 1.93
ATR 120 68% 9.5 1.31 18.5 4.30
TABLE II: Reactor parameters and potential detector baselines for HEU research reactor facilities under consideration for
PROSPECT. The two values given for the HFIR near location are for the two available deployment locations.
of Standards and Technology (NIST) operate powerful,
highly compact research reactors. Each of these sites
have identified potential locations for the deployment of
multiple compact antineutrino detectors at distances be-
tween 4 - 25 m from the reactor cores. In this section we
describe the characteristics of each of these facilities and
how a short-baseline reactor spectrum and oscillation ex-
periment can be conducted for each case. The High Flux
Isotope Reactor at ORNL has been selected as the loca-
tion for Phase I of the PROSPECT experiment; however,
since all three sites provide excellent characteristics for
precise physics measurements and may be utilized in sub-
sequent phases of the PROSPECT experiment, each will
be described in detail below.
Reactor and site parameters relevant to PROSPECT
are summarized in Table II. The core dimensions of each
of these reactors are compared in Fig. 5. The diversity of
shapes and sizes reflect the different functions that these
facilities were designed for. The core shape combined
with the physical layout of each facility determines the
range of baselines that reactor-emitted νe would traverse
before reaching possible detector locations. This distri-
bution of baselines is illustrated in Fig. 6, utilizing the
reactor and site information from Table II.
These facilities operate on well-planned schedules, and
their central mission is to provide high reliability to many
users. While the details of these operating schedules
differ from facility to facility based upon maintenance
and refueling needs and resource constraints, the time-
averaged νe flux at possible near detector locations is
expected to be remarkably similar at each over the next
several years (Fig. 7).
A. The High Flux Isotope Reactor at ORNL
The High Flux Isotope Reactor (HFIR) was designed
to provide a very high neutron flux for irradiation and iso-
tope production applications. Multiple locations exist in
the reactor for performing sample or target irradiations,
some of which can be accessed during reactor operation.
The HFIR core design is very compact and comprises
a single aluminum fuel assembly which has two annular
fuel elements consisting of thin inserts of U3O8 (Fig. 5c).
The full assembly is replaced after each operating cycle.
HFIR operates at a consistent power of 85 MWth, with
occasional operation at lower powers during the short
(∼hours) cycle startup phase. A reactivity control sys-
tem maintains this power throughout the cycle, irre-
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
x (m)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
y 
(m
)
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6 (a)
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.2
0.4
0.6
0.8
1.0
x (m)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
z 
(m
)
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6 (b)
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.2
0.4
0.6
0.8
1.0
x (m)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
y 
(m
)
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6 (c)
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.2
0.4
0.6
0.8
1.0
x (m)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
y 
(m
)
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6 (d)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.2
0.4
0.6
0.8
1.0(e)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
R
el
at
iv
e 
Po
w
er
 (a
rb.
)
0.0
0.2
0.4
0.6
0.8
1.0
(f)
FIG. 5: Radial (left) and axial (right) core shapes and power
distributions of U.S. research reactors: (a,b) ATR; (c,d)
HFIR; (e,f) NIST. Note that the the ATR and HFIR power
distributions can change slightly from cycle-to-cycle depend-
ing upon the material begin irradiated within those cores,
whereas, as a dedicated neutron source, the NIST power dis-
tribution is very similar cycle-to-cycle. Each reactor site has
well established evolution codes to predict and track these
distributions between and within reactors cycles.
spective of the irradiation experiments being performed.
Given this consistent operation, it is not typical to per-
form as-run reactor simulation analyses cycle by cycle,
although a detailed Monte Carlo N-Particle (MCNP)
model of the core is available for this purpose.
HFIR cycles last approximately 25 days with devia-
tions from that average being less than 36 hours. At
present, 6 cycles per year are scheduled, giving a duty
cycle of ∼ 41%. Outages between cycles have at least
14 day duration, with generally one longer outage per
year. No extended outages beyond those described above
are currently planned. In compliance with global non-
proliferation treaties, HFIR is scheduled to convert to
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FIG. 7: Representative power histories for the ATR, HFIR
and NIST reactors are used to generate cumulative flux curves
for the near detector locations at these sites over a two year
period beginning in 2015. Note that the NIST expects to con-
duct a maintenance outage of approximately 6 month length
in 2016. The exposure obtained at each site is comparable
over the expected duration of the experiment.
LEU fuel, but this will be phased over several years and
will not commence until at least 2020.
A potential near detector deployment location has
been identified ∼ 4 m above the reactor centerline along
a hallway bordering the reactor pool shielding structure,
with access directly provided by large exterior doors at
the end of the hallway. The region between the core to
the closest wall in the confirmed near detector location
consists of light water in the reactor pool surrounding
the core and thick concrete pool walls, with a total core
center to wall exterior distance of 5.5 m. At this lo-
cation, a 3.0 m width x 2.7 m height x 3.3 m length
shielding/detector package is deployable at baselines of
∼5.7-11.1 m. Fire egress requirements constrain detector
and shielding deployments to either the extreme front or
back of this range, allowing for two possible near detector
deployment locations, termed the ’front’ and ’back’ near
locations. Overburden is provided by the structure of the
reactor building, consisting of 0.5 m or less of concrete.
A potential far detector location is located exterior to the
reactor building approximately in-line with the core cen-
ter that provides a range of baselines between 16-24 m.
The proposed near detector deployment location has
already been utilized by the collaboration for a variety
of purposes, including the deployment of particle detec-
tors for background surveys, which will be described in
Section V. These locations are restricted but fully accessi-
ble to properly trained collaborators during both reactor-
on and reactor-off periods. HFIR data networks are re-
stricted but accessible to collaborators and have been uti-
lized for remote experiment run configuration and data
transfer.
The HFIR reactor site has been selected for Phase I of
the PROSPECT experiment. The confirmed HFIR de-
tector location allows the deployment of a comparatively
large detector/shielding package at a short and broad
range of baselines in a vicinity largely free of highly-
time-dependent reactor-related backgrounds, making it
an excellent environment for a precise oscillation search
and spectral measurement. In addition, HFIR is a user
facility that is accustomed to hosting visitors and sci-
entists within their complex. Ease of access to the lab
and to the confirmed detector location, access to exist-
ing data networks, and significant on-site participation
of engineering and science staff provide an environment
conducive to efficiently carrying out needed R&D and
experimental tasks.
B. The Advanced Test Reactor at INL
The Advanced Test Reactor (ATR) was designed to
support a wide variety of materials and system investiga-
tions. The ATR design exploits a unique serpentine core
configuration to offer a large number of in-core positions
for testing (Fig. 5a). The core is comprised of 40 HEU
fuel assemblies, approximately one third of which are re-
placed after each cycle. The typical residency of an as-
sembly in the core is 2-3 operating cycles. The operating
power of ATR is in the range 110− 120 MWth, although
occasionally short cycles operate as high as 200 MWth.
The operating power and core power distribution vary
from cycle-to-cycle. The unique design of ATR permits
large power variations among its nine flux traps using a
combination of control cylinders (drums) and neck shim
rods. Within bounds, the power level in each corner lobe
of the reactor can be controlled independently during the
same operating cycle. Following each cycle, as-run anal-
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yses based on in-core measurements and reactor simula-
tions can provide more precise power estimates for each
area of the reactor.
ATR typically operates on a schedule with approxi-
mately 50-60 days at power then 15-30 days with the re-
actor off. There are a few exceptions to this schedule.
Approximately every 2 years there is a 3-4 month outage
and every 10 years a 6-8 month major outage in which
internal core elements are replaced. The next such re-
placement outage is proposed for Apr.-Oct. 2017. ATR
is also scheduled to convert to LEU fuel after 2020.
The top of the ATR reactor vessel is approximately
at grade, while the center of the reactor core is located
approximately 5.5 m below grade. Sub-basement levels
of the facility contain potential antineutrino detector de-
ployment locations, with access being provided by a large
overhead crane, a freight elevator and wide corridors. Po-
tential near detector locations have been identified in the
first sub-basement of the ATR building. The floor of this
level is 5.8 m below grade, placing it approximately in
line with the core center. At least 3.3 m of concrete and
1 m of water lie between the reactor core and this loca-
tion. The distance from the core center to the closest
wall in this location could be as little as 7.9 m, while the
center-to-center distance from the core to the nominal
detector configuration discussed below is 9.6 m. While
the location is below grade, the overburden is primarily
provided by building structure including a concrete floor
of ∼ 20 cm thickness and the exterior structure of the
ATR building.
A potential far detector location has been identified
in the second sub-basement of the ATR building. The
floor of this level is 11.6 m below grade and at least 5.5 m
of concrete and 1 m of water lie between the reactor core
and this location. The center-to-center distance from the
core to the nominal far detector configuration discussed
below is 18.5 m. In this location overburden is primar-
ily provided by building structure including two concrete
floors of ∼ 40 cm total thickness and the exterior struc-
ture of the ATR building.
C. The National Bureau of Standards Reactor at
NIST
The National Bureau of Standards Reactor (NBSR) at
NIST is a heavy water (D2O) cooled, moderated, and
reflected, tank-type reactor that operates at a designed
thermal power of 20 MW. The NBSR is fueled with high-
enriched U3O8 in an aluminum dispersion that is clad in
aluminum. The HBSR core comprises 30 HEU fuel as-
semblies arrayed in an approximately cylindrical geome-
try (Fig. 5e). As with the other sites, NIST is scheduled
to make a phased conversion to LEU fuel sometime after
2020
A reactor cycle is nominally 38 days. The startup usu-
ally can be accomplished in about 2 hours, after which
the power is maintained at 20 MW for the remainder of
the cycle. Variations in power are minimized by the auto-
matic movement of a regulating rod. A detailed MCNP
model of the core has been used to model power distribu-
tion as a function of time and this data is publicly avail-
able. Aside from the normal operating schedule there is
a longer six-month shutdown planned for mid-2016.
Multiple potential detector locations have been iden-
tified within the NBSR confinement building as well as
two sites outside and adjacent to the confinement build-
ing. The shortest available baseline, allowing for an occu-
pied space of approximately 2.0 m wide by 3.0 m high by
3.5 m long, including shielding, is just outside a segment
of the biological shielding at an instrument station desig-
nated the “thermal column”. The thermal column con-
sists of a heavy water tank (now filled with light water)
and graphite block shielding that was previously used as
a facility for intense thermal neutron beams. Due to the
shielding design, fast neutron backgrounds are expected
to be lower in this region than elsewhere in the confine-
ment building. The face of the shielding to the center of
the core is approximately 3.5 m. The regions on either
side of the identified deployment location are occupied by
neutron scattering experiments which produce ambient
neutron fluxes that vary continuously based on the oper-
ational status and run mode of each machine. Two far
detector locations have been identified, both with base-
lines of roughly 16 m. All locations are at grade and
roughly in-plane with the core. Far locations have no
overburden, while near locations are under roughly 50
cm of concrete that comprises the structure of the con-
finement building.
The location of the near detector is accessible though
a loading dock. The area is serviced by a 15 ton radial
crane. Limited deployment at the thermal column site
for prototyping purposes is possible immediately.
V. EXPECTED BACKGROUNDS AT
NEAR-SURFACE RESEARCH REACTOR SITES
The sites detailed in Section IV have relatively lit-
tle overburden and will require the operation of detec-
tors close to the reactor core where both fast-neutron,
neutron-capture and gamma-ray backgrounds are poten-
tially high. Therefore, both fast neutron and muon fluxes
through an unshielded detector are expected to be several
orders of magnitude higher than the neutrino detection
rate.
In an IBD analysis, background events can manifest in
two important ways:
• Neutron-capture Correlated Backgrounds Events
involving one or more neutrons, resulting in an
inter-event time correlation similar to that observed
for IBD. Fast neutrons, for example, can emulate an
IBD event through proton scatter and subsequent
recoil followed by thermalization and delayed cap-
ture. Similarly, multiple neutrons resulting from
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the same cosmogenic particle may capture at dif-
ferent times, mimicking an IBD event.
• Random Coincidence Uncorrelated Backgrounds
Random coincidences involving primarily either
neutron recoils, neutron captures, or gamma-ray
interactions can mimic an IBD event should they
occur with an appropriate energy range and within
the average neutron capture time.
The backgrounds that will be encountered at a research
reactor site fall into several broad categories, based upon
their source and they way in which they manifest in a νe
detector. These backgrounds will be generally described
below, as will completed and current efforts to survey
the existing background environment in the vicinity of
the identified PROSPECT deployment locations at each
site. An overview of completed survey measurements is
given in Table III. A detailed quantitative summary of
background surveys at the various sites is currently be-
ing organized for publication. Background measurements
currently underway at HFIR utilizing PROSPECT pro-
totype detectors will be be overviewed in Section VII.
Survey Type HFIR ATR NIST
Gamma
High-Res (LaBr, HPGe) X X X
Medium-Res (NaI) X X X
Directional/Spatial Variation X X X
Adding Localized Shielding X
Neutron
Bonner Ball X X X
FaNS Detector X X
Stilbene Detector X X X
Muon Muon Detector X X X
TABLE III: Completed background survey measurements for
the considered three reactor sites. ’X’ indicates a completed
measurement. Quantitative summaries of acquired data will
be given in a subsequent publication. Other measurements
of backgrounds with prototype PROSEPCT detectors will be
discussed in Section VII.
A. Reactor Correlated Backgrounds
Locating a detector in close proximity to a reactor core
is likely to introduce the special challenge of reactor cor-
related backgrounds that are likely to vary in time as well
as space. Both high-energy gammas and fast neutrons
can contribute significantly to backgrounds in detecting
inverse beta decay.
1. Fast Neutrons
Fast neutrons are copiously produced by fissioning iso-
topes and emitted by an operating nuclear reactor. De-
spite significant neutron shielding around a core, some
fraction of produced fast neutrons will be present in pro-
posed deployment locations. At some locations, e.g.,
NIST, fast neutron backgrounds are dominated by par-
tially thermalized fission neutrons scattered from adja-
cent experiments. A suite of comparative fast neutron
measurements between reactor sites and locations, listed
in Table III and described below, have been conducted
with various neutron detectors.
Bonner balls are a commonly used in medical physics
to determine radiation dosage related to neutron ex-
posure. Measurements with calibrated Bonner balls at
HFIR yield a fast neutron flux of 2-3 cm−2 s−1 likely
peaked in the 1-2 MeV range. Deployments of identical
Bonner ball setups at all three sites for comparison of
neutron fluxes are also complete and exhibit results of
similar magnitude.
Two segmented Fast Neutron Spectrometers (FaNS)
have been developed at NIST and the University of Mary-
land, and have been used to further characterize fast
neutron backgrounds [42, 43]. The FaNS detectors are
capture-gated spectroscopy arrays of plastic scintillator
and 3He proportional counters. These detectors have
been calibrated in mono-energetic neutron fields and have
also been used to measure the cosmogenic neutron spec-
trum at the surface. Both show good agreement with
MCNP predictions, including the surface spectrum up
to 150 MeV. Deployment of FaNS and subsequent data-
taking has been completed in various locations at both
ORNL and NIST, including near and far detector loca-
tions as well as reactor-on and reactor-off periods.
Additionally, a small neutron detector containing a 2”
trans-stilbene crystal developed at Lawrence Livermore
National Laboratory was also deployed at all three reac-
tor sites. Through pulse shape discrimination, this de-
tector is capable of distinguishing nuclear recoils from
electromagnetic interactions, allowing a precise relative
comparison of fast neutron fluxes between all three sites
even in the presence of significant high-energy gamma
backgrounds.
2. High-Energy Gamma Radiation
An example of the gamma-ray background that can
be encountered at a research reactor is shown in Fig. 8.
Here, a High Purity Germanium (HPGe) gamma-ray
spectrometer has been used to conduct a detailed survey
of the potential NIST near detector deployment location.
Backgrounds above 2.4 MeV are dominated by thermal
neutron capture on reactor and experiment structural
and cooling materials, yielding prompt gammas from 16N
and 57Fe at 6.1 MeV and 7.6 MeV respectively. The reac-
tor correlated component of the gamma-ray background
is evident from the comparison of reactor-off and reactor-
on spectra shown in Fig. 8. Notably, in completed back-
ground surveys at NIST, the 16N flux shows a clear an-
gular dependence consistent with it originating in water
filled pipes visible from certain portions of the near de-
tector location.
These general observations highlight the need for
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FIG. 8: Germanium spectrum taken at the potential near location at NIST during reactor on and off periods. The reactor on
spectrum represents the current shielding configuration of adjacent experiments.
targeted spatial, directional, and temporal surveys of
gamma backgrounds at intended detector deployment lo-
cations. Surveys have been done with high-resolution
HPGe or LaBr spectrometers (NIST and ATR respec-
tively), and with the same moderate-resolution NaI spec-
trometer at all three sites. At HFIR and to a lesser extent
at NIST and ATR, NaI directional gamma measurements
have been done at a wide variety of positions at the near
detector deployment location to identify dominant local-
ized sources of gamma backgrounds. Subsequent addi-
tional gamma surveys were then completed for a variety
of localized gamma shielding configurations.
B. Natural Radioactivity Backgrounds
In most νe detectors, gamma, beta, and alpha de-
cay products of the U, Th, and K decay chains present
in doped scintillator, photomultiplier (PMT) glass, and
metal building materials surrounding the active detector
target can interact within the target scintillator, produc-
ing mainly isolated, low-energy triggers. These plentiful
triggers can randomly overlap in time with uncorrelated
neutron interactions with the target, giving a signal-like
time-coincident signature.
These radioactive background triggers can be reduced
using now-standard precautions in neutrino physics, such
as providing a non-scintillating buffer between PMTs and
the detector target, purifying scintillator of radioactive
contaminants during scintillator production, and radioas-
say of all detector components prior to detector construc-
tion.
C. Cosmogenic Backgrounds
Muon rates at all three reactor sites are high with re-
spect to a typical underground neutrino detector, with
fluxes through the active region of the detector and the
shield expected of magnitude ∼200 Hz and 1 kHz respec-
tively. The hadronic component of the cosmic ray flux
will also impinge the detector and shielding. In addi-
tion, both spallation and muon-capture can yield very
high-energy secondary neutrons originating within the
passive shielding. Through thermalization or inelastic
collisions and subsequent capture, primary or secondary
neutrons can mimic IBD events. In addition, multiple
neutrons generated by the same initial cosmogenic parti-
cle can capture at different times, resulting in the same
timing profile as an IBD event. In the absence of a muon
veto system, through-going muons producing spallation
neutrons can also mimic the time and energy profile of
IBD interactions along detector edge boundaries. De-
tailed Monte Carlo simulations of these potential IBD
backgrounds are in progress.
Comparative cosmic background surveys have been
completed at all three sites. A directional muon detec-
tor consisting of a stacked array of scintillator panels has
been deployed to measure relative muon rates and pos-
sible shielding effects of nearby objects. In addition, the
FaNS neutron spectrometers described above provide the
energy profile of neutrons up to 200 MeV, providing a rel-
ative comparison of cosmic and secondary neutrons be-
tween sites.
Spallation-produced radioisotopes such as 8He and 9Li
have relatively long half-lives, 119 ms and 178 ms respec-
tively, have Q-values of roughly 10 MeV, and beta-decay
to neutron-unstable daughters. The decay of these iso-
topes can thus closely mimic the IBD of a reactor an-
tineutrino. Rough estimates of isotope production rates
13
are conservatively less than 1000 d−1, indicating a chal-
lenging but tractable background. Further detailed stud-
ies are in progress.
VI. DETECTOR CONCEPTS
For PROSPECT to perform a precision oscillation and
spectrum measurement within 10 m of a research reactor
its detector design will have to provide excellent back-
ground rejection and support precise calibrations of en-
ergy, position, and relative efficiency across the active
volume. This section highlights the key features of the
PROSPECT detector design essential to reaching these
background-reduction and detector response goals.
A. Detector Segmentation
While recent reactor antineutrino experiments have
used cylindrical homogeneous liquid scintillator designs,
the PROSPECT detectors will utilize a segmented de-
sign (Fig. 9). The basic PROSPECT target segment
comprises a long rectangular optically isolated scintilla-
tor volume read out on its long ends by PMTs. There are
several reasons to pursue this approach. First, the seg-
mentation provides intrinsic position resolution sufficient
for target fiducialization or an oscillation measurement
in two axes. Second, the segmented approach is space-
efficient, requiring optical readout on only one or two
sides, an important consideration in the compact spaces
available at HFIR and other reactor sites. Third, a seg-
mented design of this type provides the opportunity to
control and optimize the optical collection properties of
the detector through the choice of aspect ratio and re-
flector material, which is potentially important for use of
the pulse shape discrimination (PSD) background rejec-
tion technique. Finally, segmentation provides the ability
to discriminate single- versus multi-site event topologies,
e.g. highly-localized energy depositions from Li-captured
neutrons, and to identify triggers coincident in both time
and space, which can be used for signal identification and
background rejection.
B. Low-Mass Optical Separators and In-Target
Calibration Source Deployment
To maintain a high antineutrino energy resolution, a
segmented target must exhibit high light collection ef-
ficiency that is relatively uniform throughout the tar-
get volume, and must absorb as little IBD positron
and annihilation gamma energy as possible. To achieve
these goals, the detector target will consist of a single
large tank of scintillator separated into long rectangu-
lar cells by low-mass optical separators. As pictured
in Figure 9, rectangular cells allow for a high packing
density as well as uniform light collection across the
segment cross-section. Optical separators composed of
thin highly reflective films and thin, rigid scintillator-
compatible support and encapsulation materials can en-
sure high light collection efficiency along the entirety
of the cell while maintaining PSD capabilities with an
in-target non-scintillating volume of a few percent or
less. Degradation of energy resolution from leakage of
antineutrino-related energy can also be reduced in this
design by utilizing the existing segmentation to fiducial-
ize the target volume.
To precisely demonstrate understanding of detector en-
ergy response, calibration sources must be deployed at
various locations in the detector target. The optical sep-
arator system also accommodates this deployment by in-
cluding hollow rods running the length of each segment
in each cell corner edge. In addition to providing further
mechanical support for the separator structure, support
rods provide a path through which calibration sources
and their deployment systems can be integrated into the
detector interior. Designs for compact optical and ra-
dioactive calibration sources are currently being devel-
oped.
C. Double-Ended Photomultiplier Readout
After being produced by particle interactions in the
target and propagated down the cell by high-reflectivity
optical separators, scintillation light will be collected
by one photomultiplier tube at each end of each
PROSPECT sub-cell. By directly collecting light at both
ends of each target sub-cell as opposed to a single end,
the average value and spread of photon pathlengths in the
cell are reduced, which will improve both light collection
and PSD performance. In addition, double-ended read-
out allows for position reconstruction along a cell through
relative timing and charge comparisons between PMTs.
Along with being useful for further background reduction
and target fiducialization, this position information can
be used to calibrate and minimize any residual differences
in light collection and PSD.
D. Scintillating Detector Target With Lithium
Dopant
Scintillator loaded with a neutron capture agent is the
target material of choice for antineutrino detection as it
enhances the time-coincidence signature of the positron
annihilation and neutron capture resulting from the In-
verse Beta Decay (IBD) interaction. The scintillator
dopant increases the neutron capture cross-section, short-
ens the capture time, and provides a more distinct signal
than the single 2.2 MeV gamma ray emitted after neutron
capture on hydrogen. Both Gd and 6Li doped scintilla-
tors have been used in past reactor antineutrino experi-
ments. Neutron capture on Gd provides a distinct 8 MeV
gamma ray signal above most natural backgrounds, when
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FIG. 9: Bottom left: a mock-up of the placement of the near detector at its intended HFIR deployment location. Right: the
conceptual near detector configuration showing a segmented liquid scintillator antineutrino target and passive shielding. Top
left: a conceptual design of a group of target segments, comprised of optically separated Li-loaded scintillator volumes readout
by a PMT at each end.
all of the gamma-ray energy released by the excitation
cascade can be captured in the detector volume. How-
ever, the leakage of gamma rays near the detector edge
can lead to detection efficiency variation and related sys-
tematic effects, especially in compact devices like those
that will be necessary for operation near a research reac-
tor core. By contrast, the 3H and 4He produced in the
6Li neutron capture reaction have a very short range, re-
sulting in a larger and more uniform detection efficiency
in a compact device when combined with pulse-shape dis-
criminating liquid scintillator.
E. Pulse-Shape Discriminating Liquid Scintillator
The dense energy depositions produced by interaction
of hadrons in liquid scintillator produce longer-lived exci-
tations of that scintillator, leading to an elongated scintil-
lation time profile. When combined with with modestly
fast (ns-scale) data acquisition systems, this pulse-shape
discrimination (PSD) technique allows for discrimination
between electromagnetic (gamma, e+, e−) and nuclear
(p, 4He, 3H) interactions in the scintillator. Using this
technique, the heavy ion products of 6Li neutron capture
can be identified on an event-by-event basis, providing
an unambiguous indication of neutron capture. This can
provide stronger uncorrelated gamma-ray rejection than
Gd-doped scintillator, as well as rejection of an important
multiple neutron time correlated background produced
by cosmic-ray muons. PSD can also be used to identify
time-correlated proton recoil energy depositions caused
by fast neutrons. The particle identification capabilities
provided by this technique are likely to play an impor-
tant role in providing the background rejection required
for PROSPECT.
VII. RESEARCH AND DEVELOPMENT
EFFORTS
In order to efficiently address the varied challenges dis-
cussed in the previous sections, we are developing a signif-
icant effort to demonstrate the viability of the experimen-
tal design and provide the required enabling technolo-
gies. Accordingly, the present focus is on demonstrating
sufficient background rejection through the development
of optimized shielding, optimized detector segmentation,
and Li-doped liquid scintillators with high light yield and
good pulse shape discrimination. Significant effort is also
underway to control and understand variations in detec-
tor segment response. A key part of this process is the
assembly, testing, and deployment of a suite of prototype
PROSPECT detectors at the HFIR near detector loca-
tion. Here we discuss the most important aspects of the
completed and current R&D and prototyping efforts.
To meet PROSPECT’s physics goals, a lithium-loaded
scintillator that has excellent stability and light yield,
provides efficient antineutrino detection and background
rejection, and has a high flash point is required. Accept-
able light yield and PSD capability have been developed
through examination of differing scintillator base, fluor,
and wavelength-shifter combinations. We have also de-
veloped compounds and techniques to support 6Li load-
ing in high flashpoint solvents, some of which are de-
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scribed in [44, 45].
The collaboration has developed three differing cock-
tails that meet the general criteria described above. Fig-
ure 10 provides a demonstration of the achieved pulse-
shape discrimination ability for a small cell containing
one of the developed Li-loaded scintillators. One can
clearly identify the Li-capture peak produced when ex-
posed to a 252Cf neutron source, as well as the signifi-
cant discrimination power between this peak and other
gamma-related backgrounds in the cell. The separated
neutron-like and electron-like bands are also clearly vis-
ible, which will allow for significant rejection of multi-
neutronand fast-neutron backgrounds. Further details
on these scintillators will be provided in an upcoming
publication. Work continues in characterizing the prop-
erties of these scintillators, particularly their long-term
stability and their compatibility with other designed tar-
get materials.
To develop a detector with acceptable PSD perfor-
mance and light collection, appropriate segment geom-
etry, reflector and PMT selection, and DAQ design are
also of crucial importance (see, e.g., [46, 47]). The de-
tector response and background rejection capabilities ac-
companying various detector segmentation and readout
styles are being studied via simulation and benchtop mea-
surement. To give one example, Figure 11 shows bench-
top data investigating differences in response between
single- and double-ended cell readout. For this data, a ra-
dioactive calibration source is deployed externally at the
center and end of long rectangular cell with either single-
or double-ended PMT readout and specularly reflecting
walls. In the case of one-ended readout, light collection
varies by roughly 10% as the source is moved from cell
center to end. For two-ended readout, overall light col-
lection is significantly higher and nearly identical for the
two different source positions. With additional position
reconstruction corrections in the double-ended case, light
collection variation and attendant energy resolution con-
tributions can be reduced to the percent level. Similar
benchtop studies investigating light collection and PSD
variations with these and other parameters, such as wall
reflection and PMT selection, will be discussed in de-
tail in an upcoming publication. Complimentary simu-
lation studies utilizing single- or multiple-cell configura-
tions provide Monte Carlo-based estimates of these same
properties as well as topology-based background reduc-
tion capabilities.
Well-optimized passive shielding will be needed in ad-
dition to the active background rejection techniques dis-
cussed above. In practice, the amount of shielding that
can be used is limited primarily by constraints on space
and weight. Fast neutrons below a few MeV and ther-
mal neutrons can be sufficiently suppressed with care-
ful design. For example, a factor of 10−6 suppression
of neutrons at 1 MeV can be attained with ∼0.6 m of
polyethylene, while hermetic boron-loaded shielding ef-
ficiently eliminates thermal neutrons. Attenuation of
prompt neutron-capture gamma-rays requires high-Z ma-
terials such as lead. Optimization of such shielding based
on GEANT and MCNP models, subject to realistic space
and weight constraints, is currently well underway.
Advances made during the R&D process in the simu-
lation, design, and production of passive shielding, a seg-
mentation system, and liquid scintillator will be tested
at the HFIR near site location in a suite of prototype
PROSPECT detectors, as shown in Figure 12. A 1.7 liter
cylindrical test cell with double-ended PMT readout,
called PROSPECT2, has recently been assembled and
tested at Yale and deployed at HFIR to take reactor-
on and reactor-off data inside a passive shielding cave
possessing similar qualities to that designed for the final
PROSPECT experiment. This prototype will be used to
identify the dominant sources of background at the re-
actor site for the chosen PROSPECT detection method
and demonstrate the background reduction capabilities
of the PSD Li-loaded scintillator. A single meter-long,
23 liter cell with cross-section similar to that of the base-
line PROSPECT design, also possessing double-ended
readout, called PROSPECT20, has also been assembled
and tested at Yale for deployment at the HFIR near site
in a similarly-designed shielding cave. PROSPECT20
will be used to demonstrate PSD properties and position
and energy reconstruction abilities in a full-length cell,
while providing higher-statistics measurements of IBD-
like signatures during reactor-on and reactor-off periods.
Finally, a prototype containing 9 full-length cells utilizing
the exact design and fabrication techniques planned for
the full PROSPECT experiment, called PROSPECT200,
has been designed to demonstrate the feasibility of the ex-
isting PROSPECT design, and will also provide a demon-
stration of background reduction using topology-based
cuts and target fiducialization. Complete detector and
background simulations of these prototypes are under-
way, and will provide the groundwork for benchmark-
ing full PROSPECT simulations and producing credi-
ble background estimates prior to assembly and instal-
lation of the final detector. Design of and results from
PROSPECT2 and PROSPECT20 will be discussed in
more detail in upcoming publications.
Deployment of detector prototypes in the intended
HFIR near site location has also provided an opportu-
nity to lay the groundwork for efficient deployment of the
full PROSPECT detector. PROSPECT collaborators,
including HFIR personnel, are regularly on-site perform-
ing PROSPECT-related assembly or preparation work.
The collaboration now has significant experience work-
ing within the existing work plannning, work control,
and certification regimes at HFIR and ORNL, and has
an established procedure in place for working at HFIR.
Much experience has also been gained in methods of re-
mote data transfer and run configuration and control at
HFIR.
As with all precision experiments, calibration is an es-
sential component of the development program. The os-
cillation analysis will require an excellent understanding
of the relative efficiency and event rates between detec-
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FIG. 10: Left: PSD parameters and energies of measured 252Cf spontaneous fission gammas and neutrons in a PROSPECT
LiLS test cell. The Li capture peak is prominent at low energies and high PSD, as is the significant gap in PSD between gamma
(bottom band) and neutron-related (top band) energy depositions. Left: PSD parameter values for prompt and delayed signals
in detected time-coincident triggers in the same test cell. Separation between IBD-like coincidences (top left), accidental gamma
coincidences (bottom left), and fast- or multiple-neutron related coincidences (top right) is clearly visible.
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FIG. 11: Waveform integrals for triggers from a gamma cali-
bration source deployed along a 1 m long PROSPECT scintil-
lator test cell. Data is shown at 50 cm (cell middle) and 90 cm
(cell end) along the cell length for either double-ended (’Two
PMT’) readout or single ended (’Specular’) readout, with all
non-read-out ends covered in specularly reflecting film. Light
collection is higher and more stable with variation in source
deployment location for double-ended readout.
tor segments. Techniques for the precise measurement
of the volume of scintillator transferred to a detector are
now well-established [48], and will be valuable in mak-
ing relative comparisons between near and far detector.
To determine target masses of individual detector cells,
the collaboration is investigating methods of precision
metrology of segment volumes prior to scintillator fill-
ing. We must also determine the relative antineutrino
FIG. 12: PROSPECT prototype detector deploy-
ments/designs. Top: PROSPECT2, Middle: PROSPECT20;
Bottom: isometric drawing of the PROSPECT200 3x3
prototype.
detection efficiency of the detector segments from ex-
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pected PSD, timing, and energy cuts. Threshold effects
can be controlled via a good understanding of relative
energy scale. As demonstrated in recent oscillation ex-
periments such as Daya Bay [31], neutron captures and
various alpha and gamma-rays emissions from intrinsic
radioactive backgrounds can be utilized for this purpose,
as can internally-deployed calibration sources. Calibra-
tion deployment design and prototyping is currently un-
derway, as are simulations of calibration regimes for the
PROSPECT detector.
Measurement of the absolute antineutrino energy spec-
trum emitted by an HEU reactor will require additional
precise calibration of the absolute energy scale. This
must account for non-linear effects arising from escape
of prompt energy from scintillating regions, light pro-
duction in the scintillator, and processing of signals by
the detector electronics. The absolute energy scale cal-
ibration can be achieved using background or internal
sources, as mentioned above. Beta emitters could be par-
ticularly useful in this instance, since the continuous en-
ergy spectrum can span a wide energy range and the com-
parison of measured and predicted shapes can be used to
test detector response models. Extensive bench-top char-
acterization measurements of the scintillator, including
measurements of the Birks parameters over a wide en-
ergy range, light absorption and re-emission character-
istics, as well as dedicated measurements of electronics
non-linearity, will also be required to develop such detec-
tor response models. In all of the cases mentioned above,
simulation studies are being used to investigate the ap-
plication of these techniques to a segmented scintillator
detector.
VIII. CONCLUSION
The PROSPECT experiment, consisting of segmented
scintillating detectors deployed at short baselines from a
US-based research reactor, can provide precision mea-
surements of the reactor antineutrino spectrum and
probe anomalous electron neutrino disappearance results
by searching for relative spectral distortion as a function
of baseline. A focused research and development pro-
gram is underway to characterize potential experimen-
tal locations and demonstrate that the required level of
background rejection can be achieved. In addition to pro-
viding a definitive test of the “reactor anomaly”, such
an effort will provide a unique measurement of the 235U
reactor antineutrino spectrum for use in improving re-
actor flux predictions. Furthermore, the detection tech-
nology developed to allow operation of antineutrino de-
tectors near-surface will provide a revolutionary reactor
safeguards capability, enabling the deployment of moni-
toring detectors at a much broader range of locations for
future non-proliferation efforts.
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